V-ATPases are multisubunit membrane proteins that use ATP binding and hydrolysis to transport protons across membranes against a concentration gradient. Although some cell types express plasma membrane forms of these transporters, all eukaryotes require V-ATPases to maintain an acidic pH in membrane-bound compartments of endocytic and secretory networks to facilitate protein trafficking and processing. Mammalian cells that completely lack V-ATPases are not viable; yet, the abundance of V-ATPases can differ among cell types by an order of magnitude or more, requiring precise control of their expression. We previously showed that mRNA stability appears to play a major role in regulating overall abundance of V-ATPases. In this report, we demonstrate that the stability of V-ATPase mRNA is regulated through AU-rich elements in 3-untranslated regions. Unlike some mRNAs that are short-lived due to the presence of these elements, V-ATPase mRNAs have half-lives of hours to days. However, during stress induced by ATP depletion, AU-rich elements are necessary to maintain stability of these transcripts and their presence in the cytoplasm. HuR, an RNA-binding protein that interacts with and stabilizes AU-rich mRNAs, shows increased binding to some V-ATPase mRNAs during ATP depletion. siRNA-mediated knockdown of HuR results in diminished V-ATPase expression. These results indicate that AU-rich elements and associated proteins can play a role in regulation of even very stable mRNAs by protecting against loss during cellular stress.
V-ATPases
2 are a class of multisubunit transporters that perform numerous functions through their capacity to pump protons across cellular membranes (1) . V-ATPases are required for cell survival because of their role in acidification of intracellular compartments, including the endocytic network and components of the secretory pathway. Mammalian cells are not viable in the total absence of V-ATPases (2) , and yeast cells lacking these transporters must be maintained in acidic medium for survival (3) . In recent years, it has become clear that V-ATPases bind to, and are regulated by, elements of the glycolytic pathway, indicating an intimate association with cellular energetic processes (4 -10) . Aside from these required functions, isoforms of V-ATPases that reside in plasma membranes of specific cells are involved in multiple physiological functions, including acid-base balance by the kidney (11) , bone resorption by osteoclasts (12) , and maintenance of pH within the inner ear (13) and the male reproductive tract (14, 15) . Gene mutations causing loss of specific V-ATPase isoforms have been shown to result in renal tubular acidosis (13, 16) , osteopetrosis (17, 18) , and deafness (13) .
Mammalian V-ATPases are composed of thirteen different subunits, including a, c, cЉ, d, and e in the membrane-bound, or V 0 , sector, and A-H in the cytosolic, or V 1 , sector. Most subunits can be expressed as tissue-restricted isoforms that are generated from distinct genes. The subunit isoforms encoded by unique genes include A, B1-2, C1-2, D, E1-2, F, G1-3, H, a1-4, d1-2, c, cЉ, and e. (For a summary of the mammalian V-ATPase gene nomenclature, see Ref. 19 ). In addition to the variation created by mixing and matching of subunit isoforms, V-ATPases also vary in overall cellular expression levels. Cells that require high levels of these transporters for normal cellular function, such as kidney epithelia, osteoclasts, and macrophages, can express V-ATPases at levels an order of magnitude higher than cells lacking specific requirements for high levels of proton transport. One of our interests has been in the mechanisms by which V-ATPase levels are regulated. We previously showed that macrophages express higher levels of V-ATPase than fibroblasts due to increased mRNA stability (20) , and have since extended this conclusion to kidney epithelial cells, which also express high V-ATPase levels. Here we define stability elements in the mRNA transcript of the ubiquitously expressed E1 subunit and find that AU-rich elements are critical for this control.
AU-rich elements (AREs) are the best-studied regulator sequences of mRNA stability. Originally defined in short-lived mRNAs such as those encoding lymphokines, cytokines (21, 22) , and proto-oncogenes (23) , they consist of U-rich runs, often containing AUUUA cores (24, 25) . These sequences are bound by a multiplicity of regulatory proteins that can stabilize or destabilize the transcript, or affect its translatability (26, 27) . Among the most widely expressed ARE-binding proteins are the RNA-stabilizing protein HuR (HuA), the destabilizer hnRNP D (AUF-1), and TIAR and TIA-1, which are involved in translational regulation (reviewed in Ref. 26 ). In addition, other ARE-binding proteins, including several with homology to HuR, have been identified in specific cell types such as neural cells and lymphocytes.
ARE-containing mRNAs are known to be stabilized during various forms of cellular stress, including heat shock (28) , UV irradiation (29, 30) , hypoxia (31) , and nutrient deprivation (32) . Because kidney epithelia, particularly proximal tubules cells, are susceptible to damage by ischemic injury (33) , and because high V-ATPase levels are critical to kidney cell function, we investigated whether V-ATPase mRNA expression in these cells might be affected by stress. We chose to examine the consequences of ATP depletion in the porcine proximal tubule cell line LLC-PK 1 , a well studied model that mimics many of the effects of ischemic injury produced in whole animal systems (34 -38) . We found that AREs in V-ATPase mRNAs are required for maintained stability and cytoplasmic expression of these transcripts under conditions of ATP depletion, and that the RNA-binding protein HuR mediates this stabilization. These results show that even very long-lived mRNAs can possess functional AREs that act primarily not as destabilizing moieties, but as positive regulators of expression during cell stress events.
MATERIALS AND METHODS
Cell Culture-LLC-PK 1 cells (American Type Culture Collection, Manassas, VA) were cultured in Dulbecco's modified Eagle's medium containing penicillin/streptomycin supplemented with fetal bovine serum (10%) at 37°C in 5% CO 2 . When LLC-PK 1 cells were confluent the medium was replenished and incubated overnight. The cells were rinsed twice with phosphate-buffered saline and the culture medium was then replaced with pre-warmed Dulbecco's modified Eagle's medium base supplemented with L-glucose, sodium bicarbonate, and 0.1 M antimycin A for 0 -4 h. Mock treated cells underwent the same procedure, but the culture medium was replaced with normal growth medium. In some experiments, ATP-depleted cells were allowed to recover by replacing the depletion medium with normal growth medium. Using this system, cellular ATP levels dropped to Ͻ1% of normal levels within 1 h of culture in ATP depletion medium and remained very low until normal growth medium was added. Four hours of recovery in normal growth medium resulted in ATP levels at ϳ75% of original levels. 3 This result is consistent with other studies of renal epithelia in which the rebound of ATP levels is incomplete with only a few hours of recovery (34, 38) .
Transfection-For transient transfection, human E1 V-ATPase cDNAs in the pcDNA3.1 expression vector (Invitrogen) were transfected singly or pairwise at 70% confluence using Lipofectamine with Plus reagent (Invitrogen). Cells were harvested 48 h post-transfection for analysis. For creation of stably transfected cells, after 48 h of transfection as described above, the medium was replaced with normal growth medium supplemented with G418 (Invitrogen). Colonies were selected and expression confirmed with Northern blot analysis.
For RNA interference studies, three siRNAs against porcine HuR were derived by, and purchased from, Ambion (Austin, TX). All three siRNAs knocked down HuR RNA levels at 50 nM concentrations, but only one was considered for further study, and was used at 10 -50 nM. Transfection of siRNA into LLC-PK 1 cells was performed using Lipofectamine with Plus reagent (Invitrogen) and transfecting the cells when 50% confluent.
cDNAs and Antibodies-A human E1 V-ATPase cDNA containing 84 bp of 5Ј-UTR and the entire coding and 3Ј-untranslated regions was subcloned into expression vector pcDNA3.1 (Invitrogen). Deletions of the 3Ј-UTR were created by excising specific sequences at convenient restriction sites. Site-directed mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene). AUUUA core sequences were mutagenized to ACTAGT to create new SpeI sites for convenient screening of mutants. The porcine E1 and HuR sequences were determined by amplifying selected regions from LLC-PK 1 cells using RT-PCR and subcloning the products into a TOPO-TA vector from Invitrogen. Reverse transcription was performed using the Superscript First-strand Synthesis System, and PCR was performed using Platinum TaqDNA Polymerase High-Fidelity (both from Invitrogen). All constructs were sequenced by the Plant-Microbe Genomics Facility at The Ohio State University.
For detection of E1, a synthetic peptide corresponding to the mouse E1 C-terminal residues PEVRGALFGANANRKFLD was created and conjugated to keyhole limpet hemocyanin. Peptide synthesis, conjugation to keyhole limpet hemocyanin, and development of rabbit polyclonal antisera were performed by Invitrogen. For detection of HuR, a mouse monoclonal antibody (3A2) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-hnRNP D (T-10) was a goat polyclonal antibody also purchased from Santa Cruz Biotechnology.
RNA and Protein Detection Procedures-RNA blots (Northern blots) were performed using standard conditions. Total RNA was prepared using RNA Bee (Tel-Test Inc., Friendswood, TX), and 10 g of each sample was analyzed in a formaldehyde agarose gel as previously described (39) . The RNA was transferred to a GeneScreen Plus membrane (PerkinElmer Life Sciences) and fixed using a Stratalinker UV Cross-linker (Stratagene). To detect the exogenously expressed human E1 subunit mRNA, an XhoI-KpnI fragment containing 38 bp of 5Ј-UTR and 335 bp of coding region was labeled using the DECAprime labeling system (Ambion, Austin, TX). This probe did not cross-react with the endogenous porcine form under our conditions. For immunoblots (Westerns), 10 g of whole cell lysates from LLC-PK 1 cells were run in a 12.5% acrylamide gel (Bio-Rad, Hercules, CA) under standard conditions. Proteins were transferred to Hybond P membrane (GE Healthcare/Amersham Biosciences) and probed with antisera at a 1:500 (3A2) or 1:1000 (E1) dilution. Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies and an ECL Western blotting detection kit (Amersham Biosciences).
For competitive RT-PCR of the endogenous LLC-PK 1 E1 subunit, primers were created to correspond to sequences within the porcine coding region. The sense primer was of the sequence 5Ј-GCTTGTG-CAAACCCAAAGACTG-3Ј, and the antisense primer was of the sequence 5Ј-TATGTCTTCAGGCAGGTAGGCC-3Ј. For an internal standard, a cDNA was created that corresponded to the expected RT-PCR product using the primers above but contained an internal deletion of 15%, a T7 promoter element, and a tail of 15 adenosines, as previously described (40) . This product was transcribed in vitro using the MAXIscript system (Ambion), and 1 pg of the resulting RNA (the internal standard) was added to 1 g of LLC-PK 1 total RNA prior to reverse transcription and PCR. Reverse transcription was performed using the Superscript First-strand Synthesis System and TaqDNA Polymerase, both from Invitrogen. One-fifth of the PCR products were run in a 2% agarose gel containing ethidium bromide.
Immunohistochemistry and in Situ Hybridization-For immunolocalization of HuR, 3 ϫ 10 4 LLC-PK 1 cells were seeded on glass coverslips in 24-well plates and grown to confluence, at which time the cells were given fresh medium and cultured overnight prior to use. Following the necessary treatments, cells were fixed and permeabilized in 2% formaldehyde in stabilization buffer (41) . Cells were then probed with antiHuR antibody obtained from Santa Cruz Biotechnology and Alexa 488-or Alexa 568-conjugated goat anti-mouse antibodies from Molecular Probes (Eugene, OR). Cells were visualized with a Nikon Eclipse 80i epifluorescent microscope with SPOT software (Diagnostic Instruments, Sterling Heights, MI), or with a Zeiss 510 META laser scanning confocal microscope at the Campus Microscopy and Imaging Facility at The Ohio State University.
For in situ hybridization of exogenously expressed human E1, an antisense probe was transcribed in vitro using the MAXIscript system (Ambion). The XhoI-KpnI fragment used for Northern analysis was subcloned into pBluescript and an antisense probe was made by linearizing the plasmid with BamHI and performing transcription using T3 RNA polymerase. BODIPY-TR-labeled UTP (Molecular Probes) replaced unlabeled UTP in this reaction. A probe corresponding to the porcine E1 subunit was PCR-amplified using the degenerate sense primer (5Ј-CGSTTGTGCAAACSCAAAG-3Ј) and antisense primer (5Ј-CACCAGCTATNTCYTCAGGCAS-3Ј). This fragment was cloned into the pCRII -TOPO vector (Invitrogen). Linearizing the plasmid with XhoI and performing transcription using T3 RNA polymerase created an antisense probe for endogenous porcine E1. BODIPY-TRlabeled UTP (Molecular Probes) replaced unlabeled UTP in this reaction. A probe against the c subunit was previously described (40) . The hybridization procedures were essentially as previously described (40), but the human E1 probe used to detect exogenous V-ATPase expression was hybridized at 42°C, rather than 37°C, so it would not bind to the endogenous, porcine sequence.
Protein-RNA Binding Assays-Immunoprecipitation/RT-PCR was performed essentially as described before (42) . LLC-PK 1 cells were washed 2ϫ in phosphate-buffered saline and lysed in CEB buffer containing Halt Protease Inhibitor (Pierce) and RNaseOUT (Invitrogen) for 40 min. Cells were scraped and centrifuged for 10 min to remove cell debris. Ten micrograms of the HuR antisera (3A2) or anti-hnRNP D (T-10) were added to the supernatant and incubated for 30 min at 4°C. Five micrograms each of protein A and protein G were added, and the mixture was incubated for 30 min at 4°C. The reaction was then gently centrifuged, and the supernatant removed. The precipitate was washed five times with CEB buffer, and RNA was extracted using RNA Bee reagent (Tel-Test Inc.).
For detection of the E1 subunit mRNA, the primers were identical to those used for competitive RT-PCR. Because the sequence for the porcine c subunit is unknown, this mRNA was detected by creating degenerate primers that were capable of binding both human and mouse sequences. The sense primer was of the sequence 5Ј-TCCATCATC-CCRGTGGTCATGG-3Ј, and the antisense primer was of the sequence 5Ј-ACTTTGTGGAGAGGATRAGGGC-3Ј.
RESULTS

V-ATPase mRNAs Contain AU-rich Elements-
To define sequences within V-ATPase mRNAs that regulate stability, we performed deletion/mutation analyses of the ubiquitously expressed E1 (ATP6V1E1) subunit transcript. The human cDNA was subcloned into expression vector pcDNA3.1, and sequentially larger portions of the 3Ј-untranslated region (3Ј-UTR) were deleted, as shown in Fig. 1A . Construct 1 contained the full-length 3Ј-UTR, whereas constructs 2-4 were shortened at convenient restriction sites as shown. Construct 2 lacked 143 bp of the 3Ј-UTR, whereas constructs 3 and 4 lacked 328 bp and 456 bp, respectively. To determine relative stabilities of the resulting mRNAs, expression constructs were transfected in equal amounts into LLC-PK 1 cells, both singly and pairwise, and levels of the expressed mRNAs were compared by Northern analysis. Lanes 2-5 of Fig. 1B show the mRNA products of cells singly transfected with each construct. Lanes 6 -8 of this figure demonstrate expression levels of the products when co-transfected pairwise. Because the co-transfected constructs were transcribed via the same cytomegalovirus promoter, any differences in expression levels between them necessarily were due to differences in transcript stability. In lanes 6 -8, the full-length cDNA (construct 1) was co-transfected individually with each deleted construct. These results demonstrate that expression from construct 1 (1. 27 kb) was found to be much lower than expression from constructs 2, 3, or 4. These data, as well as those from similar co-transfection experiments, suggested that the full-length E1 mRNA is less stable than mRNA expressed from the deletion mutants, apparently due to sequences within its 3Ј 143 bases. Examination of the nucleotide sequence within this region revealed a highly conserved 50-base AU-rich element, with two canonical AUUUA core sequences, as shown in Fig. 1C . This element resides 9 bases 5Ј to the poly-A tail, as indicated in Fig. 1A . To determine whether this ARE was involved in regulation of E1 mRNA stability, the AUUUA core elements were mutated individually in the full-length cDNA and tested by Northern analysis in co-transfection experiments similar to those in Fig. 1B. Fig. 1D shows the results of multiple experiments in which these mutated constructs, as well as the deleted constructs in Fig. 1A , were co-transfected pairwise into LLC-PK 1 cells with construct 4, and the relative expression levels (as assayed by Northern blots) were determined by densitometric methods. These data show that constructs 2, 3, and 4 produced mRNAs with stabilities ϳ2.5-fold greater than the full-length mRNA. In addition, mutation of the upstream AUUUA core (mutA) resulted in a 2.5-fold stabilization of mRNA, whereas mutation of the downstream AUUUA core (mutB) did not. This lack of effect is not entirely unexpected, because the downstream AUUUA overlaps the polyadenylation signal, and is likely to be FIGURE 1. Analysis of sequences involved in V-ATPase mRNA stability. A, deletion constructs used in this experiment were human E1 cDNAs sequentially shortened at the 3Ј-UTR at convenient restriction sites. All were expressed in the eukaryotic expression vector pcDNA3.1. Construct 1 represents E1 containing the full-length 3Ј-UTR. B, the deletion constructs shown in panel A were singly or doubly transfected into LLC-PK 1 cells and tested for expression levels by Northern analysis. The total amount of plasmid transfected into each sample was kept constant, so that samples in lanes 6 -8 were transfected with half the amount of each plasmid as the singly transfected cells in lanes 2-5. Lane 1 represents RNA from mock-transfected cells and demonstrates that the Northern procedures detect only exogenously expressed E1. The arrow denotes the position of mRNA expressed from the full-length construct 1. C, analysis of an AU-rich region of E1 mRNA shows extensive conservation among human (hu), bovine (bo), and mouse (mo) sequences. Bases that are identical among all three species are boxed. AUUUA sequences that often serve as the cores of protein-binding regions are bolded and designated as site A or B. Each site was mutated, and the mutants were tested for expression along with the deletion constructs, as shown in panel D. D, pairwise analyses of mRNA expression from deletion and mutation constructs were performed as in panel B. In this graph, relative expression levels from each construct were compared with that from construct 4. Three to five individual experiments were averaged for each data point; standard errors are denoted.
involved in that process, rather than binding of ARE-specific RNAstabilizing proteins. Data from these experiments, as well as other pairwise combinations not shown, strongly suggest that the ARE destabilizes E1 transcripts.
Because deletion or mutation of this ARE caused the E1 transcript to become more stable, we surmised that the mRNA must be associated with a destabilizing protein under normal growth conditions. A good candidate for this is hnRNP D (or AUF-1), a ubiquitously expressed protein that binds AREs and can destabilize its associated mRNAs. hnRNP D is expressed as four protein isoforms generated from a single mRNA transcript (43) . As will be shown below in Fig. 5 , we found that E1 mRNA binds to this destabilizing protein under normal growth conditions, thus accounting for the increased stability caused by loss of the ARE.
AREs Are Required for V-ATPase mRNA Stability during the Stress of ATP Depletion-LLC-PK 1 cells are a kidney proximal tubule cell line that have been investigated extensively as models for ischemic injury in native kidney (34 -38) . The injuries to proximal tubule epithelia resulting from renal ischemia are mirrored by those in LLC-PK 1 cells subjected to transient ATP depletion. Because ARE-containing mRNAs can be stabilized under conditions of cellular stress such as heat shock or UV-irradiation, we tested whether E1 is stabilized by the presence of AREs during ATP depletion. Stably transfected cell lines were created that contained some of the individual constructs described in Fig. 1 . These lines were subjected to 2 h of ATP depletion, and the exogenously expressed E1 mRNAs were assayed by Northern analysis. Fig. 2A (top  panel) shows that intact AREs were required for maintenance of normal expression levels during this cellular stress; all mRNAs with either wholesale deletions or mutations of the upstream AUUUA core (constructs 2, 3, and mutA) showed diminished mRNA levels upon energy depletion, whereas the ARE-containing mRNAs (constructs 1 and mutB) did not. Because the relatively low intensity of bands produced by lines expressing constructs 1 and mutB made examination difficult in the top panel, these samples were re-run in a separate experiment and exposed to film for a longer period ( Fig. 2A, bottom panel) . Further, consistent with the results in Fig. 1B , the mRNAs that lacked ARE sequences were expressed at higher levels than those containing the sequences under normal growth conditions, presumably due to the lack of destabilization by hnRNP D or other proteins. These results are consistent with a role for the ARE in destabilizing E1 mRNA during normal growth, but stabilizing it during cell stress, thus maintaining expression at a consistent level under all conditions.
To determine how E1 protein levels might be affected, we performed Western analysis on the same transfected cell lines subjected to energy depletion (Fig. 2B) . Two hours of this treatment was not sufficient to caused decreased E1 protein levels (not unexpectedly, because the halflife of E1 in mammalian cells has been estimated at about 6 h (66)). However, E1 levels in the lines containing functional AREs (constructs 1 and mutB) were slightly diminished (by ϳ50%). Because the anti-E1 antibody used in this experiment cannot discriminate between the endogenous porcine E1 and the exogenously expressed human form, we are unable to discern what fraction of each band resulted from transcription/translation of the expression constructs. Nonetheless, these results are generally consistent with the notion that AREs in the E1 transcript regulate its expression.
To determine the effects of ATP depletion on endogenous E1 expression, we analyzed the levels of mRNA and protein during this stress event. Western analysis showed that the endogenous E1 protein remained constant during 4 h of ATP depletion (Fig. 3A) . Similarly, competitive RT-PCR demonstrated no significant change in E1 mRNA expression during that period (Fig. 3B) . These results are consistent with the previous finding that full-length E1 mRNA is not degraded during ATP depletion, and that AREs contribute to this stability. We also tested the expression of E1 protein during recovery from 1 h of ATP Fig. 1 . Stabilities of the plasmid-encoded mRNAs were tested by culturing these lines either in ATP-depletion medium or fresh growth medium (mock treatment) for 2 h. Ten micrograms of total cellular mRNA from each sample was analyzed. All constructs lacking functional AREs, as defined by the experiments in Fig. 1 (constructs 2, 3 , and mutA) were expressed at high levels under normal growth conditions, but were unstable under conditions of ATP depletion. Because of the relatively faint signals produced by constructs 1 and mutB, these samples were run in a separate gel and exposed to film for a longer period for better resolution of the signals (bottom panel). B, E1 protein levels were assayed by Western blotting lysates from cells treated as in panel A. E1 protein levels were slightly elevated in lines lacking functional AREs.
FIGURE 3. Stability of endogenous E1 under normal and ATP-depleted conditions.
A, LLC-PK 1 cells were left untreated or cultured in ATP-depletion medium or fresh growth medium (mock treatment) for 1-4 h. Protein was harvested from these cells and assayed by Western analysis for expression of E1. B, total cellular RNA from the same experiment as in A was harvested and analyzed for expression of E1 mRNA using competitive RT-PCR. The internal standard (lower band) was created as described under "Materials and Methods." C, LLC-PK 1 cells were ATP-depleted for 1 h and recovered by culturing in normal growth medium for 1-4 h. Expression of E1 protein was analyzed by Western blotting. depletion, and found no significant changes in expression (Fig. 3C) . This is consistent with our hypothesis that LLC-PK 1 cells regulate E1 mRNA levels to maintain a steady level of protein under normal and stressed conditions.
HuR Binds to and Stabilizes the E1 Transcript-Because we found that E1 mRNA is stabilized by AU-rich elements under the stress of ATP depletion, it seemed likely that HuR, a known stabilizer of ARE-containing mRNAs, might be involved. HuR, which shuttles between the nucleus and cytoplasm, is distributed predominantly in the nucleus under normal growth conditions (44) . Some forms of cell stress such as heat shock and UV-irradiation cause HuR to become more cytoplasmic in location. To determine whether energy depletion induced a similar re-localization, we depleted LLC-PK 1 cells of ATP for up to 4 h and performed immunocytochemistry for HuR. As shown in Fig. 4 , HuR in mock treated cells was distributed primarily in nuclei. However, by 2 h in ATP depletion medium, a strong cytoplasmic staining was detected. Recovery in normal medium for an additional 2 h induced a re-localization of HuR back into the nucleus. Thus, ATP depletion, like heat shock or UV irradiation, among other stresses, induced movement of HuR into the cytoplasm in a reversible manner. We have extended these studies with additional time points and found that re-distribution into the cytoplasm continues as long as the cells are cultured in ATP depletion medium, up to 4 h (data not shown). Further, HuR protein levels continually increase over this period and drop back to normal levels when cells are placed in recovery medium. 3 These results indicate that energy depletion, like other stresses, alters HuR distribution in kidney epithelia.
To determine whether HuR binds to E1 transcripts under ATP depletion, we performed experiments in which HuR was immunoprecipitated from normal and ATP-depleted cells, and the bound RNA was isolated and subjected to RT-PCR to detect the presence of E1 mRNA. Fig. 5A shows a typical result of these experiments. Although little to no E1 mRNA was bound to HuR under normal growth conditions (lane 3), ATP-depleted cells showed a strong interaction between HuR and E1 transcripts (Fig. 5A, lane 5) . In contrast, E1 was readily detectable in hnRNP D immunoprecipitates under both normal (Fig. 5B, lane 3) and ATP-depleted (Fig. 5B, lane 4) conditions, although to a somewhat lesser extent in the stressed cells. We also tested the mRNA for the V-ATPase c subunit in its ability to bind HuR and hnRNP D. The c subunit transcript contains a potential ARE in its 3Ј-UTR and, recently, was immunoprecipitated in association with HuR from a human colorectal carcinoma cell line (24) . The binding profile of c subunit mRNA to hnRNP D was similar to that of E1 (Fig. 5B, lanes 3 and 4) , but we routinely detected significant levels of c mRNA binding to HuR under both normal and ATP-depleted conditions (Fig. 5A, lanes 3 and 5) . This may be reflective of differences in stability between the E1 and c mRNAs; the c subunit transcript is expressed at higher levels than other V-ATPase mRNAs (40) , and the balance of its interactions with HuR and other ARE-binding proteins may regulate its steady-state abundance. The difference in HuR binding of the two mRNAs under different conditions is not unexpected. Although both E1 and c possess class I AREs (containing one to three scattered AUUUA core sequences (25) ), the sequences of these AREs differ markedly. In vivo, HuR is capable of discriminating among specific ARE sequences to regulate only particular genes in a given physiological state (45, 46) .
To determine how AREs might affect mRNA distribution under normal and stressed conditions, we performed in situ hybridization of both wild-type and mutant V-ATPase transcripts (Fig. 6 ). Untransfected cells were hybridized with RNA probes against the endogenous porcine E1 following mock treatment or ATP depletion (panels a-d). The endogenous mRNAs were strongly present in both the cytoplasm and the nuclei, and ATP depletion did not significantly alter the distribution of these mRNAs. Similar results were obtained when cells were probed for distribution of the endogenous c subunit mRNA (not shown). We then performed in situ analysis on stably transfected cell lines expressing either the full-length human E1 mRNA (construct 1), a human E1 mRNA deleted of a portion of its 3ЈUTR containing the ARE (construct 3), or a full-length human mRNA mutated for sequences in its ARE (mutA and mutB). The full-length E1 mRNA (construct 1) showed nuclear and cytosolic distribution in both mock and ATP depleted cells (panels e-h), similar to that of the endogenous mRNA. Nucleolar staining also was present, as in all transfected cell lines; this appears to be a consequence of overexpression of the exogenous mRNAs, but the reasons for this are not clear. In contrast, although mRNA from construct 3 (which lacks an ARE) was nuclear and cytosolic under normal growth conditions (panels i and j), ATP depletion caused this mRNA to be retained primarily in a nuclear or perinuclear distribution (panels k and l). Similar results were obtained using the mutA construct, which is identical to construct 1 except for mutation of a few critical bases of the ARE (panels m-p). As in cells expressing construct 3, ATP depletion of mutA cells caused the mRNA to be distributed predominantly in and around the nucleus. MutB, which maintains a consistent expression level during ATP depletion, was similar to construct 1 in its ability to remain cytosolic during ATP depletion (panels q-t). These results suggest that an ARE is necessary for proper expression of E1 mRNA in the cytosol. An ARE might be required for proper export from the nucleus by HuR, or for stabilization of the mRNA by HuR once in the cytosol (44, 47, 48) . Either of these scenarios would require cytoplasmic HuR. To ensure that HuR was still capable of nucleocytoplasmic redistribution in the mutant cells, the lines expressing construct 3 and mutA were ATP depleted for 2 h, and HuR was immunolocalized. HuR was abundant in the cytoplasm of both lines (data not shown); thus, the lack of mutant mRNAs in the cytoplasm cannot be attributed to disrupted HuR re-distribution. However, it is unclear from this experiment whether the ARE is required for nuclear export, as has been previously suggested (49), or is simply required for HuR binding and stability in the cytoplasm.
Finally, we used RNA interference technology to knock down HuR expression and determine its effect on E1 levels. Three siRNAs against porcine HuR were obtained from Ambion; Fig. 7A shows the ability of these inhibitors to affect HuR mRNA expression. Treatment with all three siRNAs resulted in nearly complete inhibition of HuR mRNA expression at 50 -100 nM when tested 2 days after transfection. Further experimentation on siRNA 1 showed it to be completely active down to at least 10 nM, and was considered for further study. LLC-PK 1 cells were transfected with 10 or 50 nM concentrations of this siRNA, and were examined for HuR protein levels 1-3 days post-transfection. Suppression of HuR protein levels was notable within 1 day of siRNA transfection, and appeared nearly complete within 2-3 days (Fig. 7B) . The same samples were tested for expression of the E1 subunit. This protein was notably diminished in expression, although not until 2 days post-transfection, demonstrating that the timing of its loss was subsequent to loss of HuR (Fig. 7C, top panel) . To ensure that this diminished E1 expression was due to suppressed mRNA levels, we used competitive RT-PCR to quantify E1 mRNA under the same conditions (Fig. 7C, bottom  panel) . As expected, cells transfected with siRNAs to HuR showed notable loss of E1 mRNA. These results are consistent with the previous experiments in showing that HuR mediates stabilization and expression of V-ATPase mRNA through ARE sequences.
DISCUSSION
AU-rich elements originally were characterized in short-lived transcripts that regulate cell cycle and differentiation, such as c-fos, tumor necrosis factor-␣, and granulocyte macrophage-colony stimulating factor (21) (22) (23) . AREs first were identified as mRNA-destabilizing elements, but more recently, it has become clear that some AREs also can act as translational suppressors. Our identification of a functional ARE in a V-ATPase mRNA initially was somewhat surprising, because these transcripts tend to be very stable, with half-lives of hours to days (20) , and V-ATPase proteins are expressed at moderate to very high levels in mammalian cells. Based on our studies, we conclude that the primary role of AREs in V-ATPase transcripts may be as protection against degradation during cell stress and maintenance of a constant expression level, rather than as mediators of short half-lives.
Previous surveys of human mRNA sequences had indicated that several V-ATPase transcripts, including those for A, E1, and F, contained ARE sequences that conformed to a consensus that contained at least one AUUUA core (50 -52) . However, this criterion is probably conservative, given that a number of studies have shown that U-rich sequences lacking the AUUUA are also capable of being functional AREs (24, 25) . Indeed, during the course of our studies, López de Silanes et al. (24) published a report in which they immunoprecipitated HuR from human colorectal carcinoma cells, and performed cDNA array analysis on the bound RNA. They confirmed E1 and c as ligands for HuR, and pulled -d) , or cell lines stably transfected with human E1 expression constructs (panels e-t) were cultured for 2 h in normal or ATPdepletion medium and visualized for mRNA distribution. Locations of nuclei are indicated by 4Ј,6-diamidino-2-phenylindole staining in the second and fourth columns. The wild-type cells were hybridized with a riboprobe corresponding to the porcine E1 subunit, while a riboprobe corresponding to the human E1 sequence was used to detect expression from the transfected cell lines. In all cases, mock treated cells demonstrated nuclear and cytoplasmic localization of the endogenous or plasmid-encoded mRNAs. However, under ATP depletion, the mRNAs lacking AREs (constructs 3 and mutA) showed decreased expression in the cytoplasm. In panels k and l and o and p, dashed lines indicate the periphery of a few cells, demonstrating that the altered staining patterns are not due to rounding and retraction of these cells. down mRNAs for additional subunits cЉ, E2, and G1. Our informal survey of other V-ATPase cDNA sequences suggests to us that most contain potential AREs. Notable exceptions to this are several of the a (ATP6V0A1, ATP6V0A2, TCIRG1, and ATP6V0A4) subunits; however, this is not surprising, because our previous studies showed that high levels of expression of a1 and a3 subunits are mediated at least in part by transcriptional control (20) . Another potential exception to regulation by AREs is the B2 subunit, which is widely expressed and is abundant in the proximal tubule. Our previous studies showed that B2 levels are mediated primarily by transcriptional, rather than post-transcriptional regulation (20, 39, 53) . Interestingly, however, B2 mRNA is expressed in two alternately polyadenylated forms, one of which contains a potential ARE near its poly(A) tail, whereas the other (shorter) form does not. In macrophages, the ARE-containing transcript is less stable than the short form. 4 Thus, it is possible that one pool of B2 subunits is regulated by transcriptional control, while another is regulated by post-transcriptional mechanisms. It is of note that both the B2 and the a subunits appear to be involved in subcellular localization of V-ATPases. By regulating expression of these subunits independently from the core subunits, the cell may achieve more precise control over V-ATPase levels in various membrane compartments. Nonetheless, it appears that AREs provide a mechanism by which the core subunits of V-ATPases can be increased or decreased in concert, as required by the individual cell.
In our renal epithelial cell model, depletion of cellular ATP caused translocation of HuR from the nucleus to the cytosol, while recovery of ATP caused the reverse effect. Our preliminary studies of rat kidneys subjected to ischemia/reperfusion injury also suggest that HuR similarly translocates to the cytoplasm in native energy-depleted kidney epithelia. These results appear to be in conflict with recent studies demonstrating a role for AMP-activated protein kinase (AMPK) in mediating HuR trafficking. Activation of AMPK, a regulator of cellular responses to diminished ATP levels, was shown to increase nuclear localization of HuR in human colorectal carcinoma cells through modification of importin ␣1, an adaptor protein involved in regulation of nuclear import (54, 55) . In another study, addition of extracellular ATP to renal mesangial cells increased cytoplasmic HuR levels, also in contrast with our results (56) . Although the reasons for the disparities with our study are unclear, we hypothesize that cell-and tissue-specific differences in AMPK may play a role. The role of AMPK in the kidney is unknown; however, very recent immunohistochemical studies demonstrated that different segments of normal rat kidney nephrons showed markedly different distributions of activated AMPK. Although some nephron segments differed in the subcellular localization of AMPK (e.g. apical versus basolateral staining), proximal tubule cells (the cell type used in this study) were uniformly negative for the activated kinase (57), indicating that regulation of AMPK by renal epithelia differs widely by cell type. Additionally, one hallmark of ischemia-reperfusion injury in proximal tubule cells is a high proliferation rate accompanied by expression of c-fos, a known ligand of HuR (58) . This appears to differ from the situation described for colorectal carcinoma cells, in which conditions that activate AMPK (i.e. ATP depletion) down-regulate genes that induce cell proliferation (54) . This suggests that alternate mechanisms might be in place to regulate HuR in proximal tubule cells. Indeed, our own studies have indicated that potentially unique genetic regulatory mechanisms are involved in HuR regulation during both energy depletion and recovery in proximal tubule cells. 3 Therefore, it appears that proximal tubule cells may utilize distinct pathways to regulate HuR activity.
HuR and hnRNP D (AUF-1) have similar distributions throughout the body, and a given tissue will tend to express similar levels of both proteins (59, 60) . Because these proteins work functionally in opposition to each other, it seems likely that their balance is important in regulation of ARE-containing mRNAs. Notably, HuR and hnRNP D are expressed at the lowest levels (59, 60) in tissues where V-ATPase expression is the highest (61, 62) , including kidney, brain, heart, lung, and liver. Because hnRNP D is constantly present in the cytoplasm and at minimal levels in these tissues, its low expression may allow V-ATPase mRNAs to remain highly stable and translatable. Maintaining a low HuR level in these tissues would not necessarily negatively affect the stability of these mRNAs, because most HuR resides in the nucleus under normal conditions, and is not likely to contribute as strongly to mRNA stability in this situation. However, transient cell stress such as ischemia would require the maintenance of high V-ATPase levels upon return to normal cellular function, so translocation of HuR to the cytoplasm, where it can stabilize mRNAs, provides this action. In this regard, it is important to note that studies of ARE-containing mRNAs indicate that in the cytoplasm, individual mRNAS are bound either by HuR or hnRNP D (but not both), directing the fates of these transcripts toward either degradation or translation (63) .
In our ATP depletion model, we cultured renal epithelial cells in the absence of D-glucose. Over the past few years, it has become clear that glucose plays an important role in regulation of V-ATPase activity. In Saccharomyces cerevisiae, removal of glucose induces a rapid dissociation of V-ATPase into V 0 and V 1 domains (4), an effect that requires the action of microtubules (64) . V-ATPases reassemble when glucose is re-introduced to cells, and their stable assembly requires the presence of the regulator of the ATPase of vacuolar and endosomal membrane complex (8, 65) . More recently, kidney V-ATPases were shown to bind glycolytic enzymes: aldolase via the E1 subunit (6, 7), and phosphofructokinase via the a4 subunit (9), suggesting a coupling mechanism with the glucose pathway. Further, as in S. cerevisiae, depleting renal epithelia of glucose induces disassembly into V 0 and V 1 domains, with reduced acidification of intracellular compartments, and loss of V-ATPases from the plasma membrane. In contrast, stimulation with glucose induced V-ATPase reassembly, activity, and translocation to the plasma membrane (10) . Metabolism of glucose through the glycolytic pathway is not required for this stimulation, because 2-dexoyglucose, a glucose analog that readily enters the cytoplasm but is not metabolized further, was sufficient to provide these stimulatory effects. In our ATP depletion system, we deprived the cells of D-glucose but introduced L-glucose to maintain osmolarity. L-Glucose crosses the plasma membrane very slowly through passive diffusion, so it is very likely that V-ATPases did not remain assembled in our system. Nonetheless, the action of HuR maintained a pool of V-ATPase mRNAs so that protein levels remained constant.
In summary, these results show how AU-rich elements can contribute to the maintenance of even long-lived mRNAs under conditions of cell stress. These results also suggest the importance to kidney epithelia and likely, other cells, of maintaining a constant pool of V-ATPases through otherwise traumatic events. Because these transporters are so crucial to cell survival and so closely linked to cellular energetics, their levels are likely to be specifically preserved under a number of adverse conditions that could otherwise alter gene expression profiles throughout the cell.
